Chemstry 102

Chapterl6

NATURE OF ACIDS & BASES

General Properties

ACIDS BASES

Taste sour Bitter
Change color of
indicators ® ®
Blue Litmus turns red no change
Red Litmus no change turns blue
Phenolphtalein Colorless turns pink
Neutralization React with bases to| React with acids to

form sdt and water form salt and water

i Listed below are some common acids and their common uses:

TABLE 15.1 Some Common Acids

Hydrochloric acid (HCI)

Sulfuric acid (H,S04)

Nitric acid (HNO3)
Acetic acid (HC,H305,)

Citric acid (H3CgH507)

Carbonic acid (H,CO3)

Hydrofluoric acid (HF)

Phosphoric acid (H3POy4)

Occurrence/Uses

Metal cleaning; food preparation; ore refining; primary component
of stomach acid

Fertilizer and explosives manufacturing; dye and glue production;
automobile batteries; electroplating of copper

Fertilizer and explosives manufacturing; dye and glue production

Plastic and rubber manufacturing; food preservative; active component
of vinegar

Present in citrus fruits such as lemons and limes; used to adjust pH in
foods and beverages

Found in carbonated beverages due to the reaction of carbon dioxide
with water

Metal cleaning; glass frosting and etching

Fertilizer manufacture; biological buffering; preservative in beverages
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M The structural formulas for several common acids are shown below. Note that all acids have a
hydrogen bonded tanaoxygen (referred to as the acidic hyga) that ionizes in agueous solutions.

O O H
H—ii—i—0 0 [

i | H—O—C—C—H

H—O—N—O |

o H

l HNO;

H HC,H;0;

H,SO,

1 Acetic acid is an organic acid that containsdheboxylic acidgroup, that is shown below:
@)
I
H—O—C—

Carboxylic acid group

1 Some common bases are listed below. Organic bases (defiéaids) are also bitter in taste and
are often poisonous.

%) CH;
HaN" " NH, Cﬁ/
urea hemlock

TABLE 15.2 Common Bases
Name Occurrence/Uses
Sodium hydroxide (NaOH) Petroleum processing; soap and plastic manufacturing
Potassium hydroxide (KOH) Cotton processing; electroplating; soap production; batteries
Sodium bicarbonate (NaHCO3) Antacid; ingredient of baking soda; source of CO,
Sodium carbonate (Na,CO3) Manufacture of glass and soap; general cleanser; water

softener
Ammonia (NH3) Detergent; fertilizer and explosives manufacturing; synthetic

fiber production
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1 There are three definitions of acids and bases used in chemistry. Each definition is useful in a give
instance, and arastussed next.

Arrh enius Definition:

1 Arrheniusdefinition of acids and bases in based on their behavior in water (aqueous solatidns)
was developed by Swedish chemist Svante Arrhenius.

1 Based on this definition:
O Acid: A substance that produce$ idns in aqueous solution.
(1 Base A substance that produces Gibins in aqueous solution.

1 Therefore, according to the Arrhenius definition, HCl is an acid because it~ HCl
produces Hions in solution:

‘ +
HCl(aq) —> H'(aq) + Cl (ag) 1 %_ HY
\ B 1
Gl el H
f The H ions produced are very reactive and bond tewaolecules in + B g
aqueous solution, formings®": Q/J

H" + :0:tH —— |H:O'H

1 Similarly, according to the Arrhenius definition, NaOH is a base because = NaOH
it produces OHin solution.

NaOH(aq) — Na(aq) + OH (aq) | Na+‘ Na*
OH™ Na* 3
| OH- OH+
~— Na
9 Based on Arrhenius definition, acids and bases combine to foten,wa Na+OH OH~
neutralizing each other in the process: Na* OH— 4
) TR 4

H" (ag) + OH(ag)— HO ())
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Brgnsted-Lowry Definition:

 TheBrgnstedLowry definition of acids and bases focuses on the transfef @frid inan acidbase

reaction. Since H is a proton, this definition focuses on the idea of proton donor and proton
acceptor:

0 Acid: proton (H ion) donor
U Base proton (H ion) acceptor
1 According to this definition, HCl is an acid because, in solution, iatisa proton to water:
HCl(aq) + HO () —— H30" (aq) + C! (aq)
1 According to this definition, NEklis a base because solution,it accepts a proton from water:
NH; (ag) + HO () — NH,’(aq) + OH (aq)

1 According to the BenstedLowry definition, acids (proton donors) and bases (proton acceptors)
always occur together in an adidse reaction. For example:

HCl(aq) + H,O() —— H;0"(aq) + Cl (aq)
acid base
(proton donor)  (proton acceptor)

NH;(ag) +  HO () == NH, (ag) + OH (aq)

base acid
(proton acceptor)  (pton donor)

1 According to the BenstedLowry definition, some substandesich as waté&can act as acids or
bases. These substances are calheghoteric

Examples
Identify theBrenstedLowry acid and base in each of the following equations:

1. CeHsOH + GHsO' —— CgHsO' + C,HsOH

2. H,O + CI —— HCI + OH
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1 In a reversible acitbase reaction, both forward and reverse reactions involveahkfer

H+ H+

1 }

NHs (aq) + H20 (1) <~ NH (ag) + OH’ (aq)
base acid acid base

9 The pair of acid and base from each side of these reactions are referraditbbase
conjugate pairs A conjugate acids any base to which a proton has been added, while a
conjugate basés any acid from which a proton has been removed.

AddH* ; ' Remove H
Q — S — @
OH

NH; NH, " H,0
(base) (conjugate acid) (acid) (conjugate base)
[ Conjugate acid-base pair J LConjugate acid-base pairj

NHs(aq) + H,O() —— NH; (aq) + OH (aq)

Base Acid Conjugate Conjugate
| acid base

| |
|

Examples
1. Identify theBrenstedLowry acidbaseconjugate pairgh each of the following equations:

a) HxSOs(ag) + HO () —— HSO, (aq) + HO' (aq)

b) HCO' (ag) + HO () —— H,COs(aq) + OH (aq)

2. Which pair is not a conjugate addse pair?

a) (CHs)sN; (CHs)sNH* b) HSO; HoSO c) HNO; NO,'
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1 A third definition of acids and bases is the Lewis model, which further broadens the range of
substances #t can be considered acids and bases.

1 This model, developed [§ilbert Lewis defined acids and bases in terms of eleefrain
transfer.

H* + :NH; — [H:NH3:|+
/I A

Bronsted-Lowry model ~ Lewis model focuses
focuses on the proton on the electron pair

M Therefore, based on the Lewis model:

U LewisAcid: electron pair acceptor

U LewisBase electron pair donor

H e H N +
H* <—Zi\I6H Yol/a> H:/LIC)H
H H
electron pair electron pair ~ -
acceptor donor
Lewis acid Lewis base

1 The Lewis model does not substanyi@xpand the substances that can be considered a base,
since a proton acceptor must have an electron pair to bond the proton.

1 However, it does significantly expand the substances that can be considered an acid.
According to this model, substances neetlaven contain hydrogen to be an acid. For
example:

BE + ‘NH —— FBINH

Lewis acid Lewis base
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1 Since molecules with incomplete octets have empty orbitals, they can serve as Lewis acids.
Forexample, both AlGland BE; have incomplete octets:

:51: :él:
. v
:(.3_1—A|d :Ql—1|3

:Ql: :Ql:

1 As aresult, both these molecules can act as Lewis acids, as shown below:

:51: H :ffl: H

:Cl—Al + :N—H — :Cl—Al:N—H

:(_J}: H :(;_l: H

B :61:

+Cl: = | =
v . :Cl—B—Cl:
:Cl— H,C CH H,C CH
Al Y W e P

| C G % C

:.C-l: Hz H2 Hz Hz

1 Some molecules that do not initially contain empty orbitals can rearrange their electrons to
act as Lewis@ds. For example, consider the reaction between water and carbon dioxide:

Akb.: H{\:b.: H—é:
H d ]
/Q:+ cC— H—Q—C —_— H—Q—C
H | | |

10: A @ b 2O

Water Carbon dioxide Carbonic acid

Lewis base  Lewis acid
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1 Some cations, since they are positively charged and have lost electrons, have empty orbitals
that allow them to also act as Lewis acids. @&ample, consider the hydration ofAions
shown below:
3+

H H

A3 (aq) + 6 :cl): ) — Al :(|): (aq)

Lewis H H
. 6
acid
Lewis
base
1 In General:
LEWIS ACIDS LEWIS BASES
electron pair acceptors electron pair donors
Usually positive ions or electron| Usually negative ions or moleculg
deficient molecules with lone pais
NEUTRALIZATION: A reaction in which an electron pair is transferre

Examples
1. Classify each species below as a Lewis acid or a Lewis base:

a) BeCh
b) OH'
c) B(OH);

d) CN'
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ACIDS & BASES: LEWIS VS. BRONSTED-LOWRY

1 The Bronsted_owry and Lewis definitias of acids and bases are complementary and are
often used to explore the common ways in which acids and bases are involved in many
reactions.

1 The general reaction schemes below show the difference between the two definitions.

. -/_—\[_‘ ‘C'L @ o
BronstedLowry B A - B-H A

(base) (acid)
/\ S
B A —_— B_A

Lewis

1 Note that in the Bronsteddowry definition, the acid exchanges proton with the base, and as a
result forms charged species as product. In the Lewis definition, however, the product
formed is an adduct of the acid and base, and is charge neutral

1 The specific examples below show this difference

|
BronstedLowr @ o

Lewis B
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1 The strength of an electrolyte depends on the extent of its dissociation into its component
ions in solution. A strong electrolyte completely dissociatsions in solution, whereas a
weak electrolyte partially dissociates into ions.

1 The strength of an acid is similarly defined. A strong acid completely ionizes in solution,

while a weak acid only partially ionizes. Therefore, the strength of thelapehds on the
equilibrium shown below:

HA(ag) + HO() == HO (aq) + A (a

1 For example, hydrochloric acid (HCI) is classified as a strong acid since its solution contains
virtually all ions:

HCI
Single arrow indicates I ‘ I
/ complete ionization. H,0"*
i g o
HCl(aq) + H,0() —— H;0%(ag) + Cl (aq) o HO'
_ H;0" +4
 EEEE

1 Listed below are six important strong acids. Note thifisc acid (H:SQy) is diprotic,
while the others are monoprotic.

TABLE 15.3 Strong Acids

Hydrochloric acid (HCI) Nitric acid (HNO3)
Hydrobromic acid (HBr) Perchloric acid (HCIOg4)
Hydriodic acid (HI) Sulfuric acid (H,SQ4) (diprotic)

10
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1 In contrast, HF is classified as a weak acid because it does not completely dissociate in solution:

HF

Equilibrium arrow indicates
/ partial ionization.

HF(agq) + H,0() —= H3;0"(aq) + F (aq)

1 The degree to which an acid is strong or wealeddp on the i
attractionbetween the anion of the acid (the conjugate base) t g ]
and the hydrogen ion, relative to the attraction of these ions to
water. @ - —

Weak attraction
Complete ionization

1 When the attraction betweeri Hnd A is weak, the acid is
strong. On the other hand, if the attractiowtsein H and A
is strong, the acid is weak.

) ) ) ) Weak acid
1 For example, in HCI, the Chas a relatively weak attraction for

H™ the reverse reaction does not occur to any significant @ _

extent. In HF, on the other hand, tHehBs a greater attraction
for H'i the reverseeaction occurs to a significant degree. Strong attraction
Partial ionization

1 In general, the stronger the acid, the weaker the conjugate base,
and the weaker the acid, the stronger the conjugate base.

1 Listed below are some common weak acids. Note that some are diprotic and ondits tripro

TABLE 15.4 Some Weak Acids

Hydrofluoric acid (HF) Sulfurous acid (H,S03) (diprotic)
Acetic acid (HC,H305) Carbonic acid (H,CO3) (diprotic)
Formic acid (HCHO,) Phosphoric acid (H3PO,) (triprotic)

11
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ACID IONIZATION CONSTANT (K )

1 The relative strength of a weak acid can be quantified withdltkionization constant (K).

1 Kais the equilibrium constant for the ionization reaction of a weak acid. For example,

HA(aq) + H O () =
HA (aq)——

HO (aq) + A (a
H (ag) A" (aq)

_[HOA] _[HA]

) [HA]

[HA]

1 Listed below are the acid ionization constants for some monoprotic weak acids, listed in order c

decreasing strength:

Acid

Chlorous acid

Nitrous acid

Hydroflugric acid

Farmic acid

Benzoic acid

Acetic acid

Hypochlorous
acid

Hydrocyanic
acid

Phenal

Formula

HCIO,

HNO;

HF

HCHO,

HC;H50,

HC;H30;

HCIO

HCN

HCaHEU

Structural Formula

H—0—Cl=0
H—0—N=0
H—F
0
I
H—0—C—H
H H
C=cC
| I N\
H—G—C—C\}\\ ,ﬁCH
C—C
H H
0
Il
H—0—C—CHjy
H—O0—Cl
H—C=N
H H
C=cC
HO —C KCH
N
C—Cf
H H

lonization Reaction
HCIDs(ag) + HaO() —
H30"(aq) + ClO;" (aq)

HNDs(ag) + HoD() —
H30 (ag) + NOy (aqg)

HFfag) + H0() —
Hi0 " (aq) + F (aq)

HCHOS(ag) 4+ HO() —
H30"(aq) + CHO;™ (aq)

HC;Hs0z(aq)  + HO() ——
Hz0"(aq) + C;H50;" (aq)

HCgHgﬂg{aG‘] 4 Hg{)”] _—
H30"(aq) + C3H30, (ag)

HCIO(ag) + H0() —
H30 " (ag) + CIO (ag)

HCN(ag) + HaO() —
Hi0"(ag) + CN™(aq)

HCeHsO(ag) + Hy0() —
Hy0*(ag) + CgHs0 (aq)

K,

1.1 % 1072

4.6 % 1074

35x 1074

1.8 % 107"

65 x 10°°

1.8 % 1073

29 %1078

49 x 107

1.3 x 10”0
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Examples:
For each reaction below, determine the conjugatelzase pairs and their relatisgengths:

1. HNO, + CHCO,) —— CHCOH + NO)

2. HCN + CHO, — HCHO, + CN'

3. The hydrogen oxalate ion (HO,') is amphoteric Write a balanced equation showing
how it reacs as an acid towards water and another equation showing how it reacts as a
base towards water.

4. For each acid shown below, write the formula of its conjugate base:

HPO,% CH3NH5" NH3

5. For each base shown, write the formula of itsjggate acid:

HAsO,” 10’ o

13
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AUTOIONIZATION OF WATER

i As discussed earlier, water can act both as an acid or base. It acts as an acid when it reacts
with HCI, and it acts as a base when it reacts with:NH

1 Therdore, water ismamphoteric it can act either as an acid or bakwen when pure, water
can act as an acid and a base with itself, a process aatl@dnization

1 The autoionization reaction and its equilibrium constant can be written as:

I This equilibrium constant is calledn product constant for water (), and has a value of
1.0x10" at 25C.

1 In pure water, [H30"] = [OH]. Therefore

[H30"1=[OH]=1.0x10"M

14
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